Introduction
Near infrared laser diode (NIR-LD) spectroscopy is an attractive technology for various applications such as environmental remote sensing, trace impurity analysis, process control, and diagnosis by using isotopic species1). Especially, NIR-LD spectroscopy is useful in high-temperature furnaces and reactive gas environments where conventional chemical monitoring systems are not applicable. However, there are few reports of practical applications of NIR-LD spectroscopy in manufacturing processes 2,3). This may be due to the difficulty in obtaining an appropriate NIR-LD, or to the highly specific application of NIR-LD spectroscopy to such fields as optical communications.
Therefore, it is important to widen the range of application of NIR-LD spectroscopy.
To this end, we have been developing laser diodes in conjunction with NIR-LD monitors 4,5). To date, we have developed NIR-LD monitors of moisture in HCL, HBr, Cl2 and NH36-8). The elimination of moisture from these gases has been a stringent demand in semiconductor manufacturing, since these gases become very corrosive in the presence of moisture. The corrosion of the chamber wall or gas tubing leads to unfavorable metal contamination into Si devices9). However, the puri- 
chamber exposure to the atmosphere. In this paper we describe in detail our NIR-LD for monitoring HC1. Two measuring pressures are employed for consistency with different situations of HC1 emissions: the low-pressure condition is employed for residual gas monitoring, while the atmospheric pressure condition is used for reaction by-product monitoring.
Experimental

Setup
The experimental setup is shown schematically in Fig. 1 . Frequency modulation spectroscopy is carried out using an InGaAs/ InGaAsP distributed feed back (DFB) laser diode as the optical source. The diode emits laser light at around 1.74 um, which corresponds to one of the infrared absorption wavelengths of HC1 gas (the second overtone band). A highly strained multiquantum well structure is employed for the active region. The details of the fabrication of the laser diode are described in a previous paper5). The laser diode is mounted on a copper block coated with vacuum-evaporated gold. The temperature of the laser mount is stabilized by a thermistor and a Peltier cooling device. The current and temperature of the diode are controlled by a controller (Asahi Data Systems ALP-7033CAB).
The dependence of the laser wavelength on the injection current and device temperature is shown in Fig. 2 . The observed tuning rates are 0.016 nm/K and 0.013 nm/mA. The actual wavelength is tuned coarsely by changing the device temperature and finely by changing the injection current. After collimation with a collimator lens (Melles Griot 06GLC002), laser light is reflected by two mirrors (90 deg. each time), introduced to a sample cell, and finally directed onto an InGaAs PIN photodiode (Hamamatsu Photonics ACC7193S). This detector is equipped with a Peltier cooler and is employed for reasons of its long cutoff wavelength (2 um) and good noise characteristics (with a noise equivalent power of 1.7 x 10-11 W/ Hz1/2). A single-path sample cell 50 cm long with an internal diameter of 30 mm is used. The cell windows are set in either a conventional Brewster angle configuration or a flat-parallel configuration with antireflection coating, to resemble a process chamber. In both cases the cell body is made of electrically polished stainless steel (SUS316L).
In the measurement we employ the scheme of source modulation. Compared to the observation of direct absorption at a fixed wavelength, the modulation technique enhances the detection sensitivity by nearly two orders of magnitude"). The current of the laser diode is directly modulated by a function generator (Yokogawa FC110). Generally a high modulation frequency is desired to reduce the effect of 1/ f noise. For the present system, a modulation frequency of 42 kHz (sine wave) is chosen by taking the cutoff frequencies of all devices into consideration. For the quantitative analysis of trace gas absorption, the second derivative spectrum is superior to the first derivative spectrum, since the former is almost free from baseline inclination caused by the intensity change of the light source associated with the wavelength scan. The second derivative signal is obtained by a standard phase-sensitive detection with reference to the second harmonics of the modulation frequency. All the optical components are placed in a box purged with nitrogen gas in order to avoid interfer- ing absorption from environmental moisture and to prevent the laser diode and the photodiode from frosting. Interference due to H2O absorption is expected as a result of the calculation with the HITRAN database12).
The control of the devices and the subsequent data processing (with a 16-bit analog-to-digital converter) are achieved by a personal computer (NEC PC-9801). 2.2 Gas Handling System Fig. 3 shows the schematic of the gas handling system. It is capable of generating HC1 gas mixtures of down to the parts per billion (ppb) level with two-step dilution using five mass flow controllers (STEC SEC-4400 and SEC-4500 series). Two types of HC1 gas cylinders are used: one contains 100% HC1 gas and the other contains N2 100 parts per million (ppm) HC1 gas. The tubings are electrically polished SUS316L with 1/ 4 inch and 1/8 inch outer diameters. A semiconductor pressure transducer for corrosive gas (Pureon Japan PC-601 series; made of Hasteloy C-22) is used for pressure monitoring. A rotary vacuum pump (Edwards E2M8F) is used to evacuate the sample cell. In order to keep the total pressure in the sample cell constant, the gas inflow rate is controlled with one of the mass flow controllers in combination with a flow control valve at an exhaust line. The total pressure of the sample cell is maintained at 1.07 x 104 Pa (80 Torr). The exhausted gas is made to flow through a detoxification system, and then discharged.
Data Acquisition and Processing
After an appropriate concentration of HC1 is mixed with N2, the mixture is allowed to flow through the cell for 30 minutes at 100 standard cm3 / min (sccm), and its absorption spectra measured. Each spectrum is taken with a running average of 13 
urement. R(3) denotes that the rotational quantum number of the initial state is three and that of the excited state is four. The laser oscillation wavelength is designed to fit within these relatively strong lines. The natural abundances of H35C1 and H37C1 are 0.76 and 0.24, respectively. Therefore, both isotope absorptions can be used and the absorption lines of the former are chosen.
First, we present the results of the cell with Brewster windows. An example of the measured spectrum is shown in Fig. 5 . In the case of 1 ppm HC1 concentration, the absorption spectrum is merged in etalon fringes, which are caused by unwanted reflections of optical components. This effect appears whenever the modulation is applied to the optical source for wavelength scan. In the present scheme, this sets a limit for the detection of very low concentrations of HC1. Fig. 6 shows the calibration curve at 1.07 x 104 Pa obtained with the Brewster window cell. The HC1 absorption spectrum can be obtained down to a concentration of 1 ppm. This calibration curve has good linearity, the correlation coefficient in the least squares fitting being 0.991. By using the windows tilted at an appropriate angle (56 deg), the etalon fringes are reduced markedly.
Assuming that an HC1 monolayer adsorbs on the inner wall of the process chamber of 400 mm diameter and 100 mm height, followed by its desorption into the process atmosphere, HC1 concentration in the chamber is estimated to be about 1 ppm at 1 atm for an HC1 absorption site of 1014/ cm2. The number of HC1 adsorption sites on the SUS chamber is not known but is estimated to be less than 1015/cm2, which is equivalent to the atomic density of Si crystal surface. The sensitivity of 1 ppm corresponds to an absorbance of 2 x 10-5. In other words, we can easily monitor the multilayer adsorption of HC1, which potentially results in unfavorable metal contamination. This detection limit can be improved by one ord- peak is 100 ppm and that of the smaller one is 1 ppm at 1.07 x 104 Pa. HC1 gas is diluted by N2 gas. 
expected to contribute to a substantial reduction of the degree of metal contamination, especially in the Si epitaxial process.
